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KEY MESSAGE 28 
 29 
 Plodia interpunctella (PI) and Ephestia kuehniella (EK) are stored product pests 30 
that are parasitized by Venturia canescens (VC) and Habrobracon hebetor 31 
(HH).  32 
 VC, HH increased mortality by 40% of PI, EK or PI+EK in laboratory and small 33 
storeroom experiments.  34 
 Reproduction of HH was similar on both hosts, while reproduction of VC was 35 
higher on EK than on PI. 36 
 Good biocontrol potential of EK, and of EK+PI when HH and VC were 37 
combined. . 38 
 39 
ABSTRACT 40 
Venturia canescens and Habrobracon hebetor are cosmopolitan parasitoids found in 41 
large numbers in food processing facilities in north-eastern Spain, as well as in many 42 
other countries. These parasitoids attack larvae of pyralid moths that are important pests 43 
of stored products and food industries worldwide. In this study, we evaluated the 44 
performance of these two parasitoids when offered single or combined populations of 45 
Plodia interpunctella and Ephestia kuehniella, since these can occur together in 46 
storehouses. We tested the parasitoid’s performance in small cages under laboratory 47 
conditions and small experimental storerooms (≈ 30 m3). In the laboratory, the two 48 
parasitoids were able to reduce pyralid populations by more than 37% over a 48-h 49 
period (40-44% for E. kuehniella, 37-41% of P. interpunctella and 53-55% of both 50 
hosts when offered together). Similar results were obtained in small storerooms after 10 51 
days: a greater than 35% reduction in pyralid populations also was obtained when host 52 
species were offered either singly (E. kuehniella or P. interpunctella) or in combination 53 
(E. kuehniella + P. interpunctella) (35-57% for E. kuehniella, 40-54% of P. 54 
interpunctella and 41-46% of both hosts when offered together). Parasitism was 55 
consistently good from June through November (mean temperatures from 18 to 28 ºC 56 
and 9.5 to 15 h of daylight). Therefore, both parasitoids single or in combination, can be 57 
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efficient biological control agents of these two pyralid moths when infesting stored food 58 
facilities. 59 
 60 
KEYWORDS: Ephestia kuehniella; Plodia interpunctella; Lepidoptera, Pyralidae; 61 
larval parasitoids. 62 
 63 
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1. INTRODUCTION 65 
 66 
The Mediterranean flour moth, Ephestia kuehniella Zeller, and the Indian meal moth, 67 
Plodia interpunctella (Hübner) (Lepidoptera, Pyralidae), are important pests in storage 68 
facilities worldwide (Belda and Riudavets 2013). Plodia interpunctella feeds on a broad 69 
range of commodities, such as cereal products, nuts, almonds, seeds, cocoa beans, 70 
chocolate, dried fruits, tobacco, and pet-food. However, E. kuehniella is more restricted 71 
in diet and rarely infests stored products other than flour (Cox and Bell 1991; Sedlacek 72 
et al. 1996). These two insects sometimes occur simultaneously as mixed populations at 73 
some locations, whereas one species might predominate at other locations (Belda et al. 74 
2011; Prozell and Schöller 1997). These insects can develop in the dust accumulated in 75 
corners and crevices of mills and other food storage or processing facilities that are 76 
difficult to access for cleaning. They can then disperse from these areas and contaminate 77 
food products. Although sanitation is fundamental to managing these moths, 78 
insecticides are still mainly used for their control. Conventional pesticides and 79 
fumigants sometimes exhibit reduced effectiveness due to insect resistance (Attia et al. 80 
1979; Huang et al. 2004). Also, pesticide residues in food products and the environment 81 
are matters of concern, so alternative control methods that can minimize or eliminate 82 
residue problems are desirable. There are good promising alternatives to conventional 83 
pesticides and fumigants, as the use of botanical pesticides that are less toxic to the 84 
environment, the application of heat treatments or of controlled atmospheres (Campolo 85 
et al. 2013; Isman 2007; Riudavets et al. 2014; Wong-Corral et al. 2013). We will focus 86 
on the possibilities of biological control as a control strategy for pests that are located in 87 
the facilities were food products are stored.  88 
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Habrobracon hebetor (Say) (Hymenoptera, Braconidae) and Venturia canescens 89 
(Gravenhorst) (Hymenoptera, Ichneumonidae) are two cosmopolitan parasitoids that 90 
attack larvae of several species of Lepidoptera, including P. interpunctella and E. 91 
kuehniella (Paust et al. 2008). These parasitoids can be found occurring naturally in 92 
facilities as bakeries and mills and commodities as stored figs (Athanassiou and Saitanis 93 
2006; Johnson et al. 2000; Prozell and Schöller 1997, 1998; Sedlacek et al. 1998; 94 
Stejskal et al. 2006). In Spain, these parasitoids have been found in dried fruit 95 
storehouses and milling companies, where they often aggregate near windows or light 96 
sources during spring and summer (Belda and Riudavets 2013). Commercial use has 97 
been made of H. hebetor in combination with Trichogramma evanescens 98 
(Hymenoptera: Trichogrammatidae) to control E. kuehniella and P. interpunctella in 99 
organic bakeries and mills in Germany and Austria (Prozell and Scholler 2003), and H. 100 
hebetor has been combined with mating disruption for control of P. interpunctella in a 101 
chocolate factory in Italy (Trematerra et al. 2017). 102 
Habrobracon hebetor and V. canescens have different life history traits. 103 
Habrobracon hebetor is a gregarious idiobiont ectoparasitoid; the female paralyses a 104 
host larva before laying some eggs on it, preventing any further development of the 105 
host. After hatching, several young parasitoid larvae feed on the same host until 106 
pupation (Eliopoulos and Stathas 2008). Venturia canescens is a solitary koinobiont 107 
endoparasitoid; the female lays only one egg inside the host larva, and it continues to 108 
feed and develop after parasitism. It is also a thelytokous species, so all individuals are 109 
female (Eliopoulos 2006). Both parasitoids prefer the last instar larvae of their hosts, a 110 
stage in which the larvae wander in search of a place to pupate (Darwish et al. 2003; 111 
Hagstrum and Smittle 1977; Sait et al. 1997). In general, the host in which parasitoids 112 
are reared may affect the efficacy of parasitoid release. No differences in demographic 113 
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parameters were found when H. hebetor developed on E. kuehniella versus on P. 114 
interpunctella (Eliopoulos and Stathas 2008), and V. canescens develop similarly on 115 
third to fifth instar larvae of both E. kuehniella and P. interpunctella, (Eliopoulos and 116 
Stathas 2003, 2005; Harvey et al. 1994). However, the effect of the rearing host on the 117 
performance of H. hebetor and V. canescens it is not well-known 118 
Small-scale laboratory experiments have shown that H. hebetor outcompetes V. 119 
canescens since larvae parasitized by V. canescens are subsequently paralyzed by H. 120 
hebetor, which impedes further development of V. canescens larvae (Press et al. 1977). 121 
There are also spatial scale effects on parasitoid competition; patch exploitation by H. 122 
hebetor decreased with increasing volume of experimental cages, but exploitation by V. 123 
canescens did not (Paust et al. 2008). Habrobracon hebetor seems to follow large host 124 
groups and has a more limited dispersion than V. canescens, whereas the latter is more 125 
abundant when host populations are low (Paust et al. 2008). These differences in 126 
behaviour may facilitate their coexistence in the same storage facility. 127 
There is abundant information on the performance of these parasitoids when 128 
provided one host species in confined laboratory conditions or on their occurrence 129 
together in the colonization of different stored facilities and commodities, as previously 130 
stated. We were interested in assessing their efficacy when mixed host populations were 131 
present, which is very common in food industry facilities, and at intermediate spatial 132 
scales, such as in small experimental storerooms. We formulated the following 133 
hypothesis: 1) Each parasitoid will perform better on the rearing host than on the 134 
alternative when offered alone, and better on the rearing host than the alternative when 135 
both hosts are offered; 2) For a given parasitoid:host ratio, we hypothesized H. hebetor 136 
efficacy would decrease in larger storerooms compared to smaller cages, but that the 137 
efficacy of V. canescens would not. This decrease was predicted to be greater in the 138 
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presence of mixed host species compared to a single species; and 3) Assuming the 139 
previous hypotheses are supported, then the simultaneous release of both parasitoids 140 
should improve parasitism efficacy since each species will perform better on its rearing 141 
host. 142 
Our aim was to predict the performance of these two parasitoids when released 143 
in commercial facilities for the control of single or combined populations of the two 144 
pyralid moths. Therefore, we performed trials at two different spatial scales (lab 145 
microcosm and storeroom), in which we offered either single or mixed populations of E. 146 
kuehniella and P. interpunctella to females of H. hebetor and V. canescens. 147 
Furthermore, we tested mixed populations of the two parasitoids in storerooms.  148 
 149 
2. MATERIALS AND METHODS 150 
Colonies of E. kuehniella, P. interpunctella, V. canescens, and H. hebetor were started 151 
with adults collected from stored-product facilities and mills in north-eastern Spain. They 152 
were reared in controlled conditions at 25 ± 1ºC, 65 ± 5% relative humidity (RH) under 153 
a photoperiod of 16:8 h (L:D). The moths were reared in l-L glass jars with 250 g of a 154 
mixture of white wheat flour and 7% yeast. Two-hundred-fifty eggs were added to each 155 
jar. After 3–4 weeks, larvae were obtained for the bioassays and the rearing of the 156 
parasitoids. Habrobracon hebetor was reared in ventilated glass jars containing third and 157 
fourth instar larvae of P. interpunctella, and V. canescens was reared in ventilated glass 158 
jars containing third and fourth instar larvae of E. kuehniella. To increase egg loads, adults 159 
were provided honey impregnated on absorbent paper.  160 
 161 
2.1. Laboratory experiment. 162 
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Experiments were conducted under controlled conditions of 28 ± 2ºC, 70 ± 5% RH 163 
under a photoperiod of 16:8 h (L:D). Parasitoid females (1- to 7-days-old) were 164 
preconditioned for 24 h before the experiment by starving without a host while allowing 165 
them access to water and honey. Habrobracon hebetor females also were kept with 166 
males, in the proportion of one male to every two females. Arenas consisted of 167 
ventilated cages (23  16  8 cm) containing 18 g of flour and 20 hosts of third- to 168 
fourth-instar pyralid larvae. Cages for V. canescens also contained a moisture and 169 
feeding source consisting of a tube (10  1 cm) with a 10% honey solution and a cotton 170 
plug. Cages for H. hebetor contained a strip of 5  1-cm filter paper with honey. In each 171 
cage, four females of one parasitoid species were released for 48 h. After removing the 172 
female parasitoid, cages were kept at 28ºC until the emergence of the adult hosts and 173 
adult parasitoids.  174 
For each parasitoid species, three treatments were carried out: two single-species 175 
treatments with 20 larvae of E. kuehniella or 20 larvae of P. interpunctella and one mixed 176 
species treatment, with 10 larvae of E. kuehniella plus 10 larvae of P. interpunctella. 177 
Three control treatments (two single and the mixed host combinations, but without 178 
parasitoids) were also carried out. Ten replicates per treatment were done, including the 179 
controls.  180 
 181 
2.2. Small storeroom experiment 182 
The small storeroom experiment was performed from June to November of 2016 in an 183 
empty facility that simulated a small storehouse. This facility had four rooms of 25 to 32 184 
m3, each one with a window of 1.20 × 1.50 m, a door, and a table in the centre as the 185 
unique furniture. A roller blind attenuated light from the window. Climatic conditions 186 
were those naturally occurring in the rooms and temperatures were raised by the heating 187 
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system only in the last month (November). During the experimental period, mean 188 
temperatures ranged between 18 and 28ºC, mean RH between 59 to 75%, and the period 189 
of light between 9 h 30 min and 15 h 9 min (Table 1, supplementary material). The four 190 
rooms had similar temperature and humidity conditions.  191 
In each room, there were eight host patches, and each patch consisted of ten third 192 
and fourth instar pyralid larvae inside a funnel trap (18 cm high × 15 cm diameter) 193 
containing 20 g of a mix of flour plus bran and a corrugated piece of paperboard as a 194 
hiding place. Host patches were placed in every corner of the room as follows: four traps 195 
in the ground corners and four traps hanged up in the ceiling corners. A tube with a cotton 196 
plug containing 20 ml of a 20% honey solution was also hung on one wall of the room 197 
for parasitoid feeding. The experiment started when 16 parasitoid females were released 198 
in the centre of each room (a parasitoid: host ratio of 0.2) and ended ten days later when 199 
traps were collected. Afterwards, rooms were carefully inspected to collect any surviving 200 
parasitoid and were kept empty for three days before start the next replicate. Traps were 201 
incubated at 25ºC until the emergence of adult hosts or adult parasitoids. Every room had 202 
one treatment, and the treatments were alternated from room to room during replication 203 
to avoid any bias due to possible differences in room conditions.  204 
For each parasitoid species and the combination of both parasitoids (½ H. hebetor 205 
and ½ V. canescens), three host treatments were conducted: two single treatments with 206 
10 larvae per trap of E. kuehniella or with 10 larvae per trap of P. interpunctella, and one 207 
mixed treatment with five larvae of E. kuehniella plus five larvae of P. interpunctella per 208 
trap. A control treatment, consisting of a trap with the same host combination but closed 209 
with a lid to avoid parasitization was also placed in the centre of each room. Four 210 
replicates (considering each room as a replicate) were done per host and parasitoid 211 
treatment.  212 
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 213 
2.3. Data analysis 214 
The variables evaluated in the laboratory experiment included the number of larval hosts 215 
that completed development from both moth species and their sex ratios, percentage host 216 
mortality, number of F1 progeny of V. canescens and H. hebetor, and the sex ratio of H. 217 
hebetor; biocontrol potential, that is the proportion of parasitoid females produced per 218 
surviving host in relation to the proportion of parasitoid females released (0.2 per host 219 
larvae) was also evaluated. The variables evaluated in the storeroom experiment were the 220 
number of larval hosts that completed development from each moth species, percentage 221 
host mortality, the number of V. canescens and H. hebetor adults produced, and number 222 
and location within the rooms of parasitized host patches. The proportion of parasitoid 223 
females produced per larval host that completed development (biocontrol potential) was 224 
calculated using the H. hebetor sex ratio determined in the laboratory experiment (0.27 225 
with E. kuehniella, 0.27 with P. interpunctella, and 0.43 with E. kuehniella plus P. 226 
interpunctella). Comparisons among treatments were made using a one-way analysis of 227 
variance (ANOVA) when data complied with the requirements of parametric tests 228 
(homoscedasticity of variances); when significant, this test was followed by pairwise 229 
Tukey test. When data did not comply with the requirements of parametric tests, the 230 
Kruskal-Wallis analysis of variance, a non-parametric equivalent of ANOVA, was used 231 
to compare the treatments; when significant, this test was followed by pairwise Mann-232 
Witney U-tests. The p-values were corrected for multiple comparisons using the 233 
Bonferroni technique. Percentage host mortality was calculated and corrected for control 234 
mortality as done by Abbott (1925): 235 
 236 
(mortality in treatments – mortality in controls) / (100 – mortality in controls) × 100)  237 
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After arcsin transformation, the analysis of variance was used to compare treatments. 238 
Biocontrol potential was evaluated with a Student t-test (P<0.05) and the proportion of 239 
host patches in each corner of the room was compared by a Chi-square test. The JMP 240 
statistical package was used for all analysis (JMP, 8.0.1, 2009).  241 
 242 
3 RESULTS 243 
3.1. Laboratory experiment 244 
3.1.1. Mortality of host population – Mortality of the pyralid moths in the control 245 
treatment was low, ranging from 7.00 ± 2.49% for P. interpunctella and 5.50 ± 1.57% for 246 
E. kuehniella, singly, and 4.00 ± 1.25% for mixed P. interpunctella + E. kuehniella. The 247 
total mortality of E. kuehniella, P. interpunctella or the combination was significantly 248 
higher in treatments with V. canescens or H. hebetor than in controls without parasitoids 249 
(Table 2, supplementary material). Therefore, both parasitoids were able to increase the 250 
mortality of moths. This mortality of hosts, which has been corrected using the control 251 
treatment, was greater than 40% and was similar for the two parasitoids with the two 252 
hosts, either when larval moths were offered as single species or in combination (F = 253 
0.94, df = 5, 54 P = 0.460) (Figure 1, supplementary material). 254 
 255 
3.1.2. Reproduction of parasitoids – The number of F1 V. canescens that emerged from 256 
P. interpunctella larvae was significantly lower than of H. hebetor, while there were no 257 
significant differences among the other treatments (Kruskal-Wallis test: χ2 = 12, 2, df = 258 
5, P = 0.032) (Figure 1). Significantly, more males of H. hebetor emerged when single 259 
species of host larvae were offered  while similar numbers of males and females emerged 260 
when combined larvae were offered (Table 2) (Figure 2, supplementary material). 261 
 262 
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3.1.3. Biocontrol potential – At the end of the trial, in the two treatments with V. 263 
canescens, significantly more female parasitoids were produced per surviving host than 264 
those introduced (one female per five host larvae): in single species of host with E. 265 
kuehniella  and in mixed host populations. However, no significant differences were 266 
observed for the other treatments (Table 3, supplementary material) (Figure 2). 267 
 268 
3.2. Small storeroom experiment 269 
3.2.1. Mortality of hosts and production of F1 parasitoids – In the control treatments, 270 
the mortality of pyralid moths was low, with percentages of mortality of 1.67 ± 1.231% 271 
for P. interpunctella, 12.5 ± 2.384% for E. kuehniella and 12.5 ± 4.885% for mixed P. 272 
interpunctella + E. kuehniella (4.2 ± 2.507% for E. kuehniella and 8.3 ± 4.228% for P. 273 
interpunctella). When H. hebetor was released, its impact on host mortality differed 274 
significantly among treatments. In the P. interpunctella treatment, the parasitoid 275 
significantly increased the mortality of hosts compared to the corresponding controls, 276 
whereas no differences were observed in the E. kuehniella or the mixed treatment. 277 
Venturia canescens significantly increased the mortality of hosts compared to the 278 
corresponding controls. When both parasitoids were released in combination, there was 279 
also a significant increase in mortality from the treatments considered compared to the 280 
control (Table 4, supplementary material). This increase in host mortality (normalized to 281 
the mortality in the control treatment) was greater than 30% and similar for the two 282 
parasitoids with the two hosts, either when offered singly or in combination (F = 0.88, df 283 
= 8, 27, P = 0.543) (Figure 3, supplementary material). 284 
 Both parasitoids were able to locate host patches in the storerooms and reproduce 285 
on the two host species offered. In the case of H. hebetor, no significant differences were 286 
observed in the number of adults produced when E. kuehniella, P. interpunctella or the 287 
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combination of both hosts was offered  (Figure 3A). However, V. canescens produced 288 
significantly more adults on the E. kuehniella population than on P. interpunctella, with 289 
an intermediate number of adults produced in the combined treatment (Figure 3B). When 290 
both parasitoids were released simultaneously, similar results were obtained on their 291 
reproduction than when released separately: no significant differences in the number of 292 
H. hebetor produced in the different host combinations offered  but more V. canescens 293 
emerged in the treatment with E. kuehniella or E. kuehniella + P. interpunctella than in 294 
the treatment with P. interpunctella (Table 4, supplementary material) (Figure 3C). 295 
 296 
3.2.2. Parasitoid distribution – When examining the distribution of the two parasitoids 297 
in the small storerooms, a similar number of larvae in the traps with E. kuehniella, with 298 
P. interpunctella or in the combined treatment with both hosts were parasitized by H. 299 
hebetor. Venturia canescens parasitized more larvae in traps involving E. kuehniella than 300 
P. interpunctella. When both parasitoids were released simultaneously, a similar number 301 
of larvae in traps were parasitized in all host treatments offered (Table 4, supplementary 302 
material). When examining the specific location of these traps in the eight corners of the 303 
storerooms, all positions received some parasitism by the two parasitoids in all treatments 304 
tested, indicating that female parasitoids were able to disperse in all directions of the 305 
storeroom (Figure 4A–F). Light coming from the window did not affect host location by 306 
the parasitoids; both parasitoids similarly parasitized hosts in the traps. Furthermore, both 307 
parasitoids similarly parasitized host traps located on the ground or the ceiling (Table 5, 308 
supplementary material). Therefore, both parasitoids were able to locate host patches 309 
situated in any position of the storeroom without showing any preference for a specific 310 
position. 311 
 312 
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3.3.3. Biocontrol potential – As mentioned, the initial host/parasitoid ratio was 0.2 (one 313 
female parasitoid for five host larvae). At the end of the trial, significantly more female 314 
parasitoids were produced per surviving host in two treatments with the combination of 315 
the two parasitoids V. canescens + H. hebetor: with E. kuehniella  and in mixed host 316 
populations. No significant differences were observed for the other treatments (Table 6, 317 
supplementary material) (Figure 5). Therefore, biocontrol would only be expected to be 318 
successful with H. hebetor + V. canescens and two host combinations. 319 
 320 
4. DISCUSSION 321 
Both parasitoids similarly reduced the number of adult moths emerged at the two spatial 322 
scales tested, independently of the species and combination offered. 323 
Host mortality observed in the present study is supported by the demographic data 324 
of the two parasitoids when reared with the two hosts. The rm values of H. hebetor and V. 325 
canescens are significantly higher than those of their hosts at different host densities: they 326 
are 2.2–3.5- and 1.6–2.7-times higher than that of E. kuehniella and P. interpunctella 327 
respectively at 25ºC (Eliopoulos 2006; Eliopoulos and Stathas 2008). Lower mortality of 328 
both pyralid populations than those observed in the present study was obtained by 329 
Adarkwah and Schöller (2012) when releasing H. hebetor and V. canescens in 30-kg 330 
wheat jars infested with P. interpunctella or E. kuehniella. In their system, female 331 
parasitoids had to search for the host in a depth of 30 cm of grain. In contrast, in our study, 332 
moth larvae were easily available, only slightly buried in a thin layer of flour, simulating 333 
their presence in the dust accumulated in corners and crevices of mills. Parasitoid 334 
effectiveness decreases as soon as moth larvae have the chance to hide in the food 335 
substrate (Akinkurolere et al. 2009; Sait et al. 1997).  336 
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The fact that V. canescens reproduced better on E. kuehniella than on P. 337 
interpunctella could be due to their adaptation to the rearing host. Females of V. 338 
canescens released in this study came from a long-term colony reared on E. kuehniella, 339 
and switching from the rearing host to a new host could have negatively affected the 340 
reproduction of the parasitoid (Jones et al. 2015). Nevertheless, V. canescens prefers E. 341 
kuehniella as a host since the female is attracted to volatile compounds emanating from 342 
their larvae’s silk, whether the parasitoid was reared with P. interpunctella or E. 343 
kuehniella (Belda and Riudavets 2012). On the other hand, P. interpunctella larvae are 344 
smaller than E. kuehniella larvae, and host size is a relevant parameter for the optimal 345 
reproduction of V. canescens: larger individuals are produced on larger larvae (Eliopoulos 346 
and Stathas 2005; Eliopoulos 2006; Hemerik and Harvey 1999). This host preference for 347 
E. kuehniella is also seen in the performance of V. canescens when mixed hosts were 348 
offered: reproduction was lower than in the rearing host (one single treatment) when in 349 
storerooms. It does not seem that the change of host significantly affected the 350 
performance of female H. hebetor since there were no differences between hosts in the 351 
offspring production. It has been shown that E. kuehniella is a high-quality host for H. 352 
hebetor (Saadat et al. 2014) and the negative effect of the change of host could have been 353 
compensated by the better quality of nourishment furnished by E. kuehniella as a host.  354 
 The scaling up in volume from a small cage (2.94 cm3) to a room (20–32 m3) did 355 
not affect the efficacy of both parasitoids. It was not a problem for H. hebetor to similarly 356 
locate and parasitize host patches, and the same occurred with the performance of V. 357 
canescens in the present study. This results contrast with those of Paust et al. (2008) that 358 
found a reduction in parasitism of H. hebetor and V. canescens when scaling experimental 359 
arenas from 6 cm3 and 18 cm3 to 8 m3 during one week of interaction with E. kuehniella 360 
larvae. 361 
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 Both parasitoids were able to locate patches in all positions inside the storerooms; 362 
parasitized hosts were found in the eight corners were patches were allocated and for the 363 
three host combinations tested. Therefore, host spatial distribution inside a storehouse 364 
does not seem to be a limiting factor for host finding by any of the two parasitoids tested 365 
in the present study. The presence of a natural light source did not affect the distribution 366 
of the parasitized patches by any of the two parasitoids; there were a similar number of 367 
parasitized patches located on the window wall as on the opposite wall. The light inside 368 
the rooms was very much attenuated by a roller blind in the window, which made the 369 
light in the room faint, simulating the atmosphere in a commercial storehouse. These 370 
conditions were optimal for V. canescens since the wasp seems to avoid sunny areas when 371 
dispersing in field conditions (Desouhant et al. 2003). Our results indicate that these 372 
parasitoids could be effective in most conditions occurring in storehouses in this region 373 
during most of the year. The availability of a source of sugars was a key element in the 374 
performance of parasitoids in the storeroom experiment. When parasitoids had access to 375 
this source of food, they live much longer than those that had no access or with limited 376 
access, as shown for V. canescens (Desouhant et al. 2005). The same authors mentioned 377 
that females in granaries and mills might leave the buildings to find food and have been 378 
reported to return to them with food droplets in their mandibles.  379 
 The simultaneous release of the two parasitoids did not improve parasitism 380 
efficacy as we predicted. Although we did not detect any improvement when the two 381 
parasitoids were released at the same time in any of the host combinations offered, also 382 
no interference between the two parasitoid species was observed. During the longer 383 
interaction time of the small storeroom experiment, the treatment with E. kuehniella and 384 
that with the combined hosts produced significantly more females of both parasitoids 385 
when both species were released simultaneously. This indicates that the biocontrol 386 
18 
 
18 
 
potential (production of females) in the long term is promising when combining both 387 
parasitoids in the presence of a mixed population of pyralids or just E. kuehniella. This 388 
result agrees with the available literature reporting the natural co-occurrence of these 389 
parasitoids in many types of storehouses and in many geographical regions. 390 
 In conclusion, H. hebetor and V. canescens perform well when they are released 391 
alone or in combination, and when the hosts present in the premises were E. kuehniella, 392 
P. interpunctella or a combination of these. They are promising biological agents for the 393 
control of pyralid moths that contaminates food storage facilities. 394 
 395 
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FIGURE CAPTIONS  504 
 505 
Fig. 1 Number (mean ± SE) F1 progeny of H. hebetor (HH) and V. canescens (VC) 506 
produced in cages in which 20 host larvae from the two pyralid moths (E. kuehniella [EK] 507 
or P. interpunctella [PI]) were offered to four females of the parasitoids for 48 h in single 508 
or mixed combinations. Significant differences (P<0.05) among treatment means are 509 
indicated by different letters. 510 
 511 
Fig. 2 Number of females of H. hebetor (HH) or V. canescens (VC) produced per 512 
surviving host in the laboratory experiment (E. kuehniella [EK], P. interpunctella [PI] or 513 
the combination of both hosts [EK-PI]) in each of the treatments considered. Red line 514 
indicates the proportion of female parasitoids released per host offered. Significant 515 
differences (p<0.05) from the 0.2 proportion is indicated by an asterisk. 516 
 517 
Fig. 3. Number (mean ±SE) of adults of H. hebetor (graph A), of V. canescens (graph B) 518 
or of both parasitoids (graph C) produced per room on the different treatments considered: 519 
E. kuehniella (EK), P. interpunctella (PI) or both pyralids combined (EK-PI). 80 host 520 
larvae were offered in 8 patches per room to 16 female parasitoids during the 10-day 521 
period (n = 4 rooms). 522 
 523 
Fig. 4. Percentage of traps containing host larvae parasitized by H. hebetor or by V. 524 
canescens according to their location in the eight corners of a room, four on the window 525 
wall vs four on the opposite wall (graphs A, B and C), and four on the ground vs four on 526 
the ceiling (graphs D, E and F). 527 
 528 
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Fig. 5 Number of females of H. hebetor (HH) or V. canescens (VC) produced per 529 
surviving host in the small storeroom experiment (E. kuehniella [EK], P. interpunctella 530 
[PI] or the combination of both hosts [EK-PI]) in each of the treatments considered. Red 531 
line indicates the proportion of female parasitoids released per host offered. Significant 532 
differences (p<0.05) from the 0.2 proportion is indicated by an asterisk. 533 
 534 
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 536 
SUPPLEMANTARY MATERIAL 537 
TABLE CAPTIONS  538 
Table 1. Maximum, minimum and mean temperature and relative humidity in one 539 
storeroom during the period of this experiment. The number of hours of light of the 540 
experimental period is also indicated.  541 
 542 
Table 2. Analysis of variance (Kruskall Wallis test) followed by pairwise Mann-Witney 543 
U-tests of the number of larval hosts that completed development from both moth species 544 
in the presence or absence (control treatment) of the parasitoids H. hebetor and V. 545 
canescens. The p-values were corrected for multiple comparisons using the Bonferroni 546 
technique. Chi-square test of the proportion of males of the F1 progeny of H. hebetor, in 547 
the laboratory experiment. 548 
 549 
Table 3. Student t-test of the biocontrol potential of H. hebetor and V. canescens, that is 550 
the proportion of parasitoid females produced per surviving host in relation to the 551 
proportion of parasitoid females released (0.2 per host larvae), in the laboratory 552 
experiment. 553 
 554 
Table 4. One way analysis of variance followed by Tukey-tests of the number of larval 555 
hosts that completed development from both moth species in the presence or absence 556 
(control treatment) of the parasitoids H. hebetor and V. canescens, of the host selection 557 
of two parasitoids, and of the number of F1 progeny produced by the two parasitoids on 558 
the two hosts, in the small room experiment. 559 
 560 
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Table 5. Chi-square test of the proportion of host patches (traps) parasitized by the 561 
parasitoids H. hebetor and V. canescens in each corner of the room. No comparisons were 562 
made for V. canescens with P. interpunctella because only one trap was parasitized. 563 
 564 
Table 6. Student t-test of the biocontrol potential of H. hebetor and V. canescens in the 565 
small room experiment. The proportion of parasitoid females produced per larval host 566 
that completed development was calculated using the H. hebetor sex ratio determined in 567 
the laboratory experiment (0.27 with E. kuehniella, 0.27 with P. interpunctella, and 0.43 568 
with E. kuehniella plus P. interpunctella). 569 
 570 
FIGURE CAPTIONS  571 
 572 
Fig. 1. Mean (± SE) percentage mortality of adults moths (E. kuehniella [EK], P. 573 
interpunctella [PI] or both pyralids combined [EK-PI]), when normalized to the control 574 
treatment, in the different treatments considered when the parasitoids H. hebetor (HH) 575 
and V. canescens (VC) were released during a 48-h period. There were no significant 576 
differences among treatments (P<0.05). 577 
 578 
Fig. 2. Percentage of females and males of H. hebetor (HH) produced when 20 larvae of 579 
E. kuehniella (EK), P. interpunctella (PI) or a combination of both (EK-PI) were offered 580 
during a 48-h period. Significant differences (P<0.05) in the proportion of males are 581 
indicated by an asterisk. 582 
 583 
Fig. 3. Mean (± SE) percentage mortality of adults moths (E. kuehniella [EK], P. 584 
interpunctella [PI] or both pyralids combined [EK-PI]), when corrected by mortality in 585 
27 
 
27 
 
the control treatment, in the different treatments considered when the parasitoids H. 586 
hebetor (HH) and V. canescens (VC) were released during a 10-day period. There were 587 
no significant differences among treatments (P<0.05). 588 
 589 
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Tº HR Hours of 
light Max Min Mean Max Min Mean 
June 27.9 21.6 25.64 66.7 44.9 59.81 14:55-15:09 
July 32.9 24.7 27.39 99.9 24.1 60.25 15:09-14:29 
August 30.2 25.2 27.92 65.3 49.7 59.81 14:28-13:16 
September 29.2 20.8 25.01 66.9 54.6 61.24 13:16-11:54 
October 25.4 16.6 19.66 78.6 56 72.02 11:54-10:32 
November 23.7 12.1 18.75 78.1 53 66.05 10:30-09:30 
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Host sp. 
Host emergence Males of H. hebetor 
χ2 df P χ2 df P 
E. kuehniella 39.15 5 <0.001 34.66 1 <0.001 
P. interpunctella 31.97 5 <0.001 19.01 1 <0.001 
E. kuehniella + P. interpunctella 57.23 8 <0.001 0.39 1 0.531 
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Host sp. 
H. hebetor V. canescens 
t df P t df P 
E. kuehniella 1.30 9 0.887 2.19 9 0.023 
P. interpunctella 0.89 9 0.194 1.16 9 0.138 
E. kuehniella + P. interpunctella 1.32 9 0.109 3.17 9 0.006 
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Parasitod sp. 
Host emergence Host selection Parasitoid reproduction 
F df P F df P F df P 
H. hebetor 5.53 5, 18 0.003 0.19 2, 9 0.828 0.06 2, 9 0.945 
V. canescens 19.08 5, 18 <0.001 28.76 2, 9 <0.001 63.79 2, 9 <0.001 
H. hebetor +  
V. canescens 
36.77 5, 18 <0.001 1.80 2, 9 0.220 
1.75 (Hh) 
2, 9 
0.227 
8.44(Vc) 0.009 
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Host sp. 
Window wall vs opposite wall 
H. hebetor V. canescens H. hebetor + V. canescens 
χ2 P χ2 P χ2 P 
E. kuehniella 0.20 0.655 0.04 0.841 0.05 0.827 
P. interpunctella 0.25 0.617 - - 0.33 0.564 
E. kuehniella +  
P. interpunctella 
0.06 0.808 0.25 0.612 0.05 0.827 
 Ground vs ceiling 
 H. hebetor V. canescens H. hebetor + V. canescens 
 χ2 P χ2 P χ2 P 
E. kuehniella 0 1 0.04 0.841 0.05 0.827 
P. interpunctella 0 1 - - 0 1 
E. kuehniella +  
P. interpunctella 
1.47 0.220 0.25 0.25 0 1 
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Host sp. 
H. hebetor V. canescens H. hebetor + V. canescens 
t df P t df P t df P 
E. kuehniella 0.68 3 0.273 2.12 3 0.062 2.77 3 0.035 
P. interpunctella 0.11 3 -22.20 28.76 3 1 0.20 3 0.092 
E. kuehniella +  
P. interpunctella 
1.46 3 0.50 1.80 3 0.325 2.98 3 0.029 
 
 
 
Table Click here to download Table Table 6 Supl. material.docx 
